
Improved Plaque Assay Identifies a Novel Anti-Chlamydia Ceramide
Derivative with Altered Intracellular Localization

Sebastian Banhart,a Essa M. Saied,b,c Andrea Martini,a Sophia Koch,a Lukas Aeberhard,a,d Kazimierz Madela,e Christoph Arenz,b

Dagmar Heuera

Junior Research Group “Sexually Transmitted Bacterial Pathogens” (NG 5), Robert Koch Institute, Berlin, Germanya; Organic and Bioorganic Chemistry, Department of
Chemistry, Humboldt-Universität zu Berlin, Berlin, Germanyb; Chemistry Department, Faculty of Science, Suez Canal University, Ismailia, Egyptc; Department of Molecular
Biology, Max Planck Institute for Infection Biology, Berlin, Germanyd; Advanced Light and Electron Microscopy (ZBS 4), Robert Koch Institute, Berlin, Germanye

Chlamydia trachomatis is a medically important human pathogen causing different diseases, including trachoma, the leading
cause of preventable blindness in developing countries, and sexually transmitted infections that can lead to infertility and ecto-
pic pregnancies. There is no vaccine against C. trachomatis at present. Broad-spectrum antibiotics are used as standard therapy
to treat the infection but have unwanted side effects, such as inducing persistent or recurring infections and affecting the host
microbiome, necessitating the development of novel anti-Chlamydia therapies. Here, we describe the establishment of a robust,
fast, and simple plaque assay using liquid overlay medium (LOM) for the identification of anti-Chlamydia compounds. Using
the LOM plaque assay, we identified nitrobenzoxadiazole (NBD)-labeled 1-O-methyl-ceramide-C16 as a compound that effi-
ciently inhibits C. trachomatis replication without affecting the viability of the host cell. Further detailed analyses indicate that
1-O-methyl-NBD-ceramide-C16 acts outside the inclusion. Thereby, 1-O-methyl-NBD-ceramide-C16 represents a lead com-
pound for the development of novel anti-Chlamydia drugs and furthermore constitutes an agent to illuminate sphingolipid traf-
ficking pathways in Chlamydia infections.

Chlamydia trachomatis is an obligate intracellular human
pathogen of high medical and socioeconomic importance (1).

C. trachomatis can cause infections of the urogenital tract and
trachoma, the leading cause of preventable blindness in develop-
ing countries. In women, untreated and recurring genital C. tra-
chomatis infections can escalate, leading to severe sequelae, in-
cluding pelvic inflammatory disease (PID), infertility, and ectopic
pregnancies (2). Currently, no vaccine against C. trachomatis is
available. For standard therapy, the Centers for Disease Control
and Prevention (CDC) in the United States recommends either a
single dose of 1 mg azithromycin or 100 mg doxycycline twice a
day for at least 7 days for uncomplicated urogenital-tract C. tra-
chomatis infections. These broad-spectrum antibiotics affect the
normal microbial flora and can select for resistant strains or in-
duce Chlamydia persistence (3–7). Like all members of the Chla-
mydiales, C. trachomatis has a unique cycle of development, char-
acterized by the presence of two distinct bacterial forms (8). The
infectious elementary body (EB) adheres to the host cell and trig-
gers its invasion. After entering the cell, the bacteria are found
inside a membrane-bound vacuole, the inclusion. EBs differenti-
ate into metabolically active reticulate bodies (RBs), which divide
by binary fission and redifferentiate into EBs at the end of the
cycle. After release from the host cell, EBs can infect new mamma-
lian cells, and the cycle starts again.

Chlamydia spp. are among the few bacteria that require sphin-
gomyelin for growth, rendering this pathway a potential target for
the development of specific anti-Chlamydia therapies (9). Sphin-
gomyelin is synthesized by the transfer of a phosphocholine head
group from phosphatidylcholine to ceramide (10). In uninfected
cells, ceramide is transported from the endoplasmic reticulum to
the Golgi apparatus via vesicles or by CERT, a ceramide transport
protein (11). Sphingomyelin synthase 1 (SMS1) catalyzes the pro-
duction of sphingomyelin at the trans-Golgi apparatus, and sph-
ingomyelin is then found enriched in the plasma membrane and

membranes of the endosomal system (12). In C. trachomatis-in-
fected HeLa cells, sphingomyelin accumulates in the bacteria (13–
15). Sphingomyelin acquisition by C. trachomatis and Chlamydia
muridarum depends on vesicular and nonvesicular transport pro-
cesses (15–18). In C. muridarum-infected cells, bacterial sphingo-
lipid uptake is partially blocked by brefeldin A and HPA-12 [N-
(3-hydroxy-1-hydroxymethyl-3-phenylpropyl)dodecanamide],
drugs that inhibit vesicular Arf1-dependent and nonvesicular
CERT-dependent ceramide trafficking, respectively (17). Interest-
ingly, HPA-12 but not brefeldin A treatment reduces the forma-
tion of infectious C. muridarum EBs (17).

Different means exist to analyze the Chlamydia cycle of devel-
opment, including reinfection assays, electron microscopy, and
real-time PCR. The gold standard to determine the effects of a
specific treatment on progeny formation is titration of newly
formed EBs by reinfection of fresh cells. Newly developed inclu-
sions can then be counted directly by bright-field imaging or after
immunostaining. Alternatively, EBs can also be titrated by plaque
assay (19, 20). The current protocol for plaque titration of differ-
ent Chlamydia strains uses a soft-agar overlay medium. This is a
time-consuming method that is furthermore not easily trans-
ferred to a high-throughput screening format (19, 20).

Here, we describe a method for fast, robust, and easy titration
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of Chlamydia spp. using a liquid overlay medium (LOM) plaque
assay followed by immunodetection of formed plaques. Using this
assay, we identified 1-O-methyl-ceramide-C16 labeled with the
fluorophore nitrobenzoxadiazole (NBD) as a new anti-Chlamydia
compound. In C. trachomatis-infected HeLa cells, 1-O-methyl-
NBD-ceramide-C16 is not transported to the bacteria inside the
inclusion and inhibits C. trachomatis EB formation. Thus, 1-O-
methyl-NBD-ceramide-C16 constitutes a lead compound for the
development of novel anti-Chlamydia drugs and furthermore
represents a new agent to illuminate sphingolipid trafficking path-
ways in Chlamydia infections.

MATERIALS AND METHODS
Reagents and antibodies. Unless otherwise stated, all reagents were ob-
tained from Sigma-Aldrich. Chloramphenicol (catalog no. 3886) was pur-
chased from Carl Roth; the sphingomyelin synthase inhibitor D609 (cat-
alog no. BML-ST330-0005) was obtained from Enzo Life Sciences.
Ceramide compounds used in this study were NBD-ceramide-C16 and
1-O-methyl-NBD-ceramide-C16 (details on the chemical synthesis will be
published elsewhere). All ceramide compounds were prepared as stock
solutions containing 0.5 mM ceramide compound complexed to 0.5 mM
defatted bovine serum albumin (BSA) and stored at �20°C under desic-
cated conditions protected from light. The following antibodies were used
in this study: mouse anti-Hsp60 (bacterial) (1:600; catalog no. ALX-804-
072; Enzo Life Sciences), rabbit anti-IncA (1:500), rabbit anti-giantin (1:
500; catalog no. PRB-114C; Covance), IRDye 680RD-coupled goat anti-
mouse IgG (1:1,000; catalog no. 926-68070; Li-Cor Biosciences), Alexa
Fluor 488-coupled goat anti-rabbit IgG (1:100; catalog no. 111-545-144;
Dianova), Cy3-coupled goat anti-mouse IgG (1:200; catalog no. 115-165-
146; Dianova), and Alexa Fluor 647-coupled goat anti-rabbit IgG (1:100;
catalog no. 111-605-144; Dianova).

Polyclonal rabbit anti-IncA antibody was produced by immunization
of rabbits with the C-terminal cytoplasmic fragment of IncA (N80 –S246)
fused to Schistosoma japonicum glutathione S-transferase (GST). All ani-
mal handling was performed by Biogenes, Berlin. The antigen was pro-
duced in Escherichia coli Rosetta 2 (Merck) using the pGEX-3X N-termi-
nal GST expression vector (GE Healthcare). Cloning was done by using
EcoRI and BamHI restriction sites in E. coli Top10 (Invitrogen). The
primers used were 5=-CCCGGGGATCCATAATTTCATGCTGAGCG-3=
(forward) and 5=-CCCGGGAATTCCTAGGAGCTTTTTGTAGAGG-3=
(reverse). GST-IncA fusion protein was expressed and purified using Hi-
Cap glutathione matrix slurry (Qiagen) according to the manufacturer’s
instructions. IncA-specific antibodies were affinity purified by depleting
inactivated (56°C, 30 min) rabbit serum from GST-specific antibodies for
8 h, followed by binding to the cross-linked GST-IncA beads overnight.
Beads were washed with 0.1 M borate, 0.5 M NaCl (pH 8.0) and eluted
with 0.2 M glycine (pH 2.0) into 2 M Tris to neutralize the pH. Purified
antibody was dialyzed against phosphate-buffered saline (PBS) and di-
luted 1:1 in glycerol, 0.06% (wt/vol) sodium azide for storage at �20°C.

Cell culture and infection. HeLa 229 cervical epithelial cells (ATCC
CCL-2.1) and McCoy mouse fibroblasts (ATCC CRL-1696) were cultured
in RPMI 1640 medium (Gibco) supplemented with 10% (vol/vol) heat-
inactivated fetal calf serum (FCS; Biochrom), 1 mM sodium pyruvate, and
2 mM L-glutamine at 37°C and 5% (vol/vol) CO2 in a humidified incuba-
tor. For time-lapse fluorescence microscopy, HeLa cells stably expressing
Aequorea victoria green-fluorescent protein (GFP) were used. C. tracho-
matis lymphogranuloma venereum (LGV) biovar strain L2/434/Bu
(ATCC VR-902B), C. trachomatis trachoma type A strain HAR-13 (ATCC
VR-885), C. trachomatis trachoma type D strain UW-3/Cx (ATCC VR-
571B), C. psittaci strain DC15, genotype A-VS1 (cattle isolate, 2002;
kindly provided by Konrad Sachse, Institute of Molecular Pathogenesis,
Friedrich-Loeffler-Institut, Jena, Germany), and C. muridarum mouse
pneumonitis (MoPn) strain Nigg II (ATCC VR-123) were propagated in
and purified from HeLa cell monolayers. Infections were performed in

Dulbecco’s modified Eagle’s medium (DMEM; Gibco) with glucose (4.5
g/liter) supplemented with 5% (vol/vol) fetal calf serum (FCS), 1 mM
sodium pyruvate, and 2 mM L-glutamine (infection medium). Cells were
washed twice with infection medium and incubated with bacteria using
various multiplicities of infection (MOI) at 35°C and 5% (vol/vol) CO2 in
a humidified incubator. After 2 h, cells were again washed with infection
medium and incubated at 35°C.

Agar-based plaque assay. For agar-based plaque assays, cells were
seeded in multiwell plates for 70% confluence the next day. Cells were
then incubated with dilutions of Chlamydia in infection medium for 2 h,
followed by washing twice with infection medium. Subsequently, cells
were overlaid with agar-containing medium according to Matsumoto et
al. (19). Briefly, agar-based overlay medium was freshly prepared by mix-
ing DMEM containing DEAE-dextran, NaHCO3, and FCS with 2% (wt/
vol) purified agar (L28) (LP0028B; Oxoid) preheated to 55°C (final con-
centrations: 0.01% [wt/vol] DEAE-dextran, 0.05% [wt/vol] NaHCO3, 5%
[vol/vol] FCS, 0.55% [wt/vol] agar). The mixture was immediately added
to the cells and overlaid with infection medium after solidifying. Cells
were incubated at 35°C for 8 days.

Liquid overlay medium-based plaque assay. For liquid overlay me-
dium-based plaque assays, cells were seeded in 48-well plates (6- to 96-
well plates were also successfully tested) for 70% confluence the next day.
Cells were then incubated with dilutions of Chlamydia in 250 �l infection
medium for 2 h, followed by washing twice with infection medium. Sub-
sequently, cells were overlaid with 350 �l liquid overlay medium (DMEM
containing 0.01% [wt/vol] DEAE-dextran, 0.05% [wt/vol] NaHCO3, 5%
[vol/vol] FCS, 0.6% [wt/vol] Avicel microcrystalline cellulose [RC-581;
FMC BioPolymer]) following incubation at 35°C for 3 to 5 days. For
inhibitor studies, liquid overlay medium was premixed with the respective
compound and added at 8 h postinfection (p.i.) (see Fig. S1 in the supple-
mental material).

Plaque staining. For neutral red vital staining of agar-based plaques,
infection medium was removed and agar was overlaid with neutral red
staining solution (3% [wt/vol] neutral red in PBS, pH 7.4) and incubated
for 4 h at 35°C. For crystal violet staining, infection medium was removed
and the overlay was incubated with crystal violet staining solution (0.5%
[wt/vol] crystal violet, 10% [wt/vol] formaldehyde in PBS, pH 7.4) over-
night at room temperature. For immunofluorescence staining, cells were
carefully washed three times with PBS to remove the overlay medium,
fixed with 2% (wt/vol) formaldehyde in PBS for 30 min, and permeabil-
ized with 0.2% (vol/vol) Triton X-100 in PBS for 15 min. Then, cells were
stained for bacterial Hsp60 (secondary antibody: IRDye 680RD-coupled
goat anti-mouse IgG; see “Immunofluorescence staining” below for ex-
perimental details). After a final wash with distilled H2O, fluorescent sig-
nals were detected using an Odyssey infrared imaging system (model
9120; LiCor Biosciences).

Automated quantification of plaque numbers. For automated quan-
tification of plaque numbers, image files of plaques were converted to
grayscale using Photoshop CS6 software (Adobe) followed by image
smoothing using the FIJI image processing package of the ImageJ software
(21). Once smoothened, brightness levels were adjusted using the option
“Threshold.” Finally, particles were counted using the standard settings of
the “Analyze Particles” function.

Reinfection assay. To determine the inhibitory effect of compounds
on the formation of infectious progeny, cells were seeded in 6-well plates
and infected with C. trachomatis L2 (MOI, 2). At 8 h p.i., compounds were
added at a concentration of 4.65 �M (the 50% inhibitory concentration
[IC50] of 1-O-methyl-NBD-ceramide-C16), and cells were harvested at
various time points using a cell scraper. After glass bead lysis, lysates were
titrated on freshly seeded HeLa 229 cells, fixed at 24 h p.i., and stained for
Hsp60. Numbers of infection-forming units (IFU) per ml were calculated
from average inclusion counts in 10 fields of view per condition.

Lactate dehydrogenase (LDH) cytotoxicity assay. For assessing the
cytotoxic potential of the inhibitory compounds used in this study, an
LDH cytotoxicity assay was performed according to the manufacturer’s
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instructions (cytotoxicity detection kit PLUS; catalog no. 04 744 926 001;
Roche Diagnostics). Briefly, cells were seeded in 96-well plates, infected
with C. trachomatis L2 (MOI 2) or left uninfected, and incubated with the
respective compounds at 8 h p.i. At 48 h p.i., cells were incubated with 100
�l of the supplied reaction mixture for 30 min at room temperature. The
reaction was stopped by adding 50 �l of stop solution, followed by
measuring absorbance at 492 nm using an Infinite 200 Pro plate reader
(Tecan). Measured values were corrected for background and normal-
ized to positive controls (cells lysed using the lysis reagent provided
with the kit).

Ceramide uptake assay. To monitor intracellular distribution of cer-
amide compounds, C. trachomatis L2 (MOI, 2; 24 h p.i.)-infected and
uninfected HeLa 229 cells were incubated with the respective ceramide
compounds at a concentration of 25 �M at 35°C for 1 h, as previously
described (22). Then, Hoechst 33342 (25 �g/ml) was added to stain for
DNA, and confocal images were acquired using an LSM 780 laser scanning
confocal microscope (Carl Zeiss).

Immunofluorescence staining. Samples were treated as previously
published (23). Briefly, cells were washed with PBS, fixed with 2% (wt/vol)
formaldehyde in PBS for 30 min at room temperature, and permeabilized
with 0.2% (vol/vol) Triton X-100 and 0.2% (wt/vol) BSA in PBS for 15
min. Then, cells were incubated with primary antibodies diluted in 0.2%
(wt/vol) BSA in PBS for 1 h at room temperature. After being washed with
PBS, cells were incubated with secondary antibodies and the DNA stain
4=,6-diamidino-2-phenylindole (DAPI; 1:10,000) diluted in 0.2% (wt/
vol) BSA in PBS for 1 h at room temperature and washed with PBS again.

Images were acquired using an LSM 780 laser scanning confocal micro-
scope (Carl Zeiss).

Time-lapse fluorescence microscopy. HeLa cells stably expressing
GFP were seeded in 35-mm imaging dishes (Ibidi), infected with a low
dose of C. trachomatis L2, and overlaid with liquid overlay medium (see
“Liquid overlay medium-based plaque assay” above for experimental de-
tails) at 2 h p.i. following incubation at 35°C. Fluorescence images were
acquired every 15 min using an Eclipse TE2000-E widefield microscope
(Nikon) with time-lapse imaging capability equipped with a Cascade
512B electron-multiplying charge-coupled device (EMCCD) camera
(Photometrics).

Statistical analysis. Data are presented as means � standard errors of
the means. Significant differences between means were determined using
Student’s t test. P values below 0.05 were considered significant.

RESULTS
LOM plaque assay shows distinct plaque morphology of differ-
ent Chlamydia spp. We first compared plaque formation in Mc-
Coy cells infected with C. trachomatis L2 at different MOIs under
standard solid medium (Oxoid agar) and liquid overlay medium
(LOM) by conventional crystal violet staining (see Fig. S2 in the
supplemental material). Slightly larger plaques with clearer plaque
morphology were detected under LOM conditions than with stan-
dard solid overlay medium. Additionally, the LOM plaque assay
allowed the specific detection of C. trachomatis plaques by anti-

FIG 1 Novel plaque assay allows titration of Chlamydia species based on immunofluorescence staining. Immunofluorescence images show plaques of C.
trachomatis L2 (Ctr L2), C. trachomatis A (Ctr A), C. trachomatis D (Ctr D), C. psittaci (Cps), and C. muridarum (Cmu) in a cell monolayer of HeLa 229 and McCoy
cells. Cells were seeded in 48-well plates and infected with different titers. After 4 days of incubation, cells were fixed and stained for chlamydial Hsp60. Numbers
indicate the dilution factor of the bacteria.
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Chlamydia Hsp60 immunostaining (see Fig. S2 in the supplemen-
tal material). Next, plaque formation of different Chlamydia spp.
in HeLa 229 and McCoy cells under LOM plaque assay conditions
was assessed (Fig. 1). All Chlamydia strains tested, including C.
trachomatis L2, C. trachomatis A and D, C. psittaci, and C. muri-
darum, formed detectable plaques in an MOI-dependent manner
in the two different cell lines after 4 days p.i. Interestingly, the
morphology of C. muridarum plaques differed from the plaque
morphology of C. trachomatis and C. psittaci. In C. muridarum
infections, plaques were larger and showed a rim-like Hsp60 stain-
ing pattern indicative of cytotoxicity, known to be associated with
C. muridarum (24). Moreover, clonal variations of Chlamydia in-
fections can be assessed on a subcellular level (see Fig. S3 in the
supplemental material). In sum, the LOM plaque assay is a fast,
robust, and antigen-specific titration method for different Chla-
mydia spp. in various cell lines and allows the discrimination of
Chlamydia spp. by plaque morphology.

LOM plaque numbers of C. trachomatis were reduced after
chloramphenicol treatment. We tested if our established LOM
plaque assay would allow the identification of anti-Chlamydia
compounds by addition of chloramphenicol, an antibiotic that
inhibits bacterial protein synthesis (Fig. 2A). Cells were infected
with C. trachomatis L2, and at 8 h p.i., different concentrations of
chloramphenicol were added to the cell layer together with the
overlay medium. Plaques were visualized 4 days p.i. by immuno-
fluorescence and counted using ImageJ. Clear and distinct C. tra-
chomatis plaques were detected for concentrations below 1 �g/ml
(1.09 �M) chloramphenicol. At 1 �g/ml chloramphenicol the for-
mation of C. trachomatis plaques was completely blocked (Fig.
2A). Based on the data obtained, we determined the IC50 of chlor-
amphenicol by plotting the concentrations of chloramphenicol
against relative plaque numbers, yielding an IC50 of 2.77 �M (0.90
�g/ml) (Fig. 2B; Table 1). This demonstrates that anti-Chlamydia

compounds can be identified by and IC50s can be calculated from
LOM plaque assays.

1-O-Methyl-NBD-ceramide-C16 acts as a novel anti-Chla-
mydia compound. Chlamydia spp. are auxotrophic for different
nutrients, including sphingolipids (9, 25). Recent data showed an
effect of the sphingomyelin synthase inhibitor D609 on uptake of
fluorescently labeled ceramide by C. muridarum; however, the
effect of the inhibitor on bacterial propagation was not addressed
(17). D609 acts on different enzymes of the eukaryotic host cell,
including SMS1, SMS2, and the phosphatidylcholine-specific
phospholipase C (PLC) (26). To test the effect of SMS inhibition
by D609 on C. trachomatis propagation, a LOM plaque assay was
performed in the presence of D609 at various concentrations. A
clear reduction in plaque numbers was observed at a concentra-
tion of 25 �g/ml (93.82 �g/ml) D609, demonstrating that inhibi-
tion of D609-sensitive pathways efficiently impedes chlamydial
propagation (Fig. 3A). To understand the impact of SM produc-
tion on C. trachomatis propagation, we synthesized ceramide-C16

derivatives labeled with NBD, NBD-ceramide-C16, and 1-O-
methyl-NBD-ceramide-C16 (Fig. 3B) and analyzed their impact
on C. trachomatis propagation by LOM plaque assay (Fig. 3C).

FIG 2 Inhibitory compounds can be screened and quantified for their anti-Chlamydia activity. (A) Immunofluorescence images showing C. trachomatis L2 (Ctr
L2) plaques in a HeLa 229 cell monolayer after incubation with different concentrations of chloramphenicol. Cells were seeded in 48-well plates, infected with C.
trachomatis L2 (MOI, 0.003; approximately 300 IFU per well), and, at 8 h p.i., incubated with chloramphenicol (CHL; concentrations are in �g/ml). After 4 days
of incubation, cells were fixed and stained for chlamydial Hsp60. UT, untreated controls. (B) Quantification of relative plaque numbers. Plaque numbers were
normalized to untreated controls (n � 2; error bars indicate standard errors [SE]).

TABLE 1 IC50s of inhibitory compounds used in this studya

Compound

IC50 (�g/ml) IC50 (�M)

Mean SE Mean SE

Chloramphenicol 0.90 0.46 2.77 1.43
D609 20.91 0.79 78.47 2.97
1-O-Methyl-NBD-ceramide-C16 3.13 0.45 4.65 0.67
a Values were calculated on the basis of a sigmoidal dose-response curve with Prism 5
(GraphPad) using relative plaque numbers given in Fig. 2 and 3 (n � 2 for CHL and
D609; n � 4 for 1-O-methyl-NBD-ceramide-C16).
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1-O-Methyl-NBD-ceramide-C16 is a derivative of NBD-cer-
amide-C16 and resembles to a large extent a compound called
1-O-methyl-C6-NBD-ceramide. The latter was previously shown
not to be converted to sphingomyelin and to be transported to
the Golgi apparatus by lower kinetics than NBD-ceramide-C6

(27). 1-O-Methyl-NBD-ceramide-C16 treatment clearly reduced
plaque numbers at 5 �M (3.37 �g/ml) compared to infected cells
treated with the identical concentration of NBD-ceramide-C16

(Fig. 3C and D). We next compared the IC50 of 1-O-methyl-NBD-
ceramide-C16 with those of chloramphenicol and D609 (Table 1).

FIG 3 1-O-Methyl-NBD-ceramide-C16 inhibits plaque formation of C. trachomatis L2. (A) Immunofluorescence images showing C. trachomatis L2 (Ctr L2)
plaques in a HeLa 229 cell monolayer after incubation with different concentrations of D609. Cells were seeded in 48-well plates, infected with C. trachomatis L2
(MOI 0.003; approximately 300 IFU per well), and, at 8 h p.i., incubated with D609 (�g/ml). After 4 days of incubation, cells were fixed and stained for chlamydial
Hsp60. UT, untreated controls. (B) Chemical structures of NBD-ceramide-C16 and 1-O-methyl-NBD-ceramide-C16. (C) Immunofluorescence images showing
C. trachomatis L2 (Ctr L2) plaques in a HeLa 229 cell monolayer after incubation with different concentrations of anti-Chlamydia compounds. Cells were seeded
in 48-well plates, infected with C. trachomatis L2 (MOI, 0.003; approximately 300 IFU per well), and, at 8 h p.i., incubated with NBD-ceramide-C16 and
1-O-methyl-NBD-ceramide-C16 (concentrations are in �M units). After 4 days of incubation, cells were fixed and stained for chlamydial Hsp60. (D) Quanti-
fication of relative plaque numbers. Plaque numbers were normalized to those of untreated controls (n � 2 for D609; n � 4 for ceramide compounds; error bars
indicate SE).
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The IC50 of 1-O-methyl-NBD-ceramide-C16 (4.65 �M [3.13 �g/
ml]) was in the range of that of chloramphenicol (IC50 of 2.77 �M
[0.90 �g/ml]), and interestingly, 1-O-methyl-NBD-ceramide-C16

was 17 times more effective than D609 (IC50 of 78.47 �M [20.91
�g/ml]), showing that 1-O-methyl-NBD-ceramide-C16 is a very
potent and novel anti-Chlamydia compound.

1-O-Methyl-NBD-ceramide-C16 reduces C. trachomatis EB
formation but not cell viability. We next assessed the effect of
1-O-methyl-NBD-ceramide-C16 on the production of infectious
C. trachomatis EBs during the cycle of development. Infected
HeLa cells were treated with 4.65 �M (the IC50 of 1-O-methyl-

NBD-ceramide-C16) NBD-labeled ceramides or left untreated. At
various time points, cells were lysed, and EBs were titrated. A
reduction in infectious EBs up to one order of magnitude was
observed after treatment with a single dose of 1-O-methyl-NBD-
ceramide-C16 (Fig. 4A). The treatment did not affect the progres-
sion of the developmental cycle, as production of infectious EBs
peaked at 2 days p.i. for treated as well as untreated conditions
(Fig. 4A), indicating that the compound directly targets either
bacterial growth or the production of infectious EBs. To further
exclude effects on host cell viability, an LDH cytotoxicity assay of
infected and uninfected cells after treatment with the different

FIG 4 1-O-Methyl-NBD-ceramide-C16 reduces C. trachomatis progeny formation but has no impact on cell viability. (A) Graph showing chlamydial replication
at the indicated time points after incubation without (untreated) or with ceramide compounds. Cells were seeded in 6-well plates and infected with C. trachomatis
L2 (MOI 2), and, at 8 h p.i., ceramide compounds were added at a concentration of 4.65 �M (the IC50 of 1-O-methyl-NBD-ceramide-C16). Cells were harvested
at the indicated time points, titrated on freshly seeded cells, fixed at 24 h p.i., and stained for Hsp60. Chlamydial replication is expressed as infection-forming units
(IFU) per ml (n � 3; error bars indicate SE). (B to E) Relative cytotoxicity of compounds used in this study for uninfected (B and C) and infected (D and E) cells,
as measured by LDH release. Cells were seeded in 96-well plates, infected with C. trachomatis L2 (Ctr L2; MOI, 2) or left uninfected, and, at 8 h p.i., incubated with
different concentrations of chloramphenicol (CHL; concentrations are in �g/ml), D609 (concentrations are in �g/ml), NBD-ceramide-C16 (concentrations are
in �M units), and 1-O-methyl-NBD-ceramide-C16 (concentrations are in �M units). After 2 days of incubation, LDH release was measured using a spectro-
photometric microplate reader. Values are corrected for background and normalized to positive control (lysed cells) (n � 2 for CHL and D609; n � 3 for
ceramide compounds; error bars indicate SE).
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compounds was performed (Fig. 4B to E). In uninfected cells, no
signs of cytotoxicity were observed after treatment (Fig. 4B and
C). Upon infection, untreated cells showed a marginal increase in
cytotoxicity that was due to the infection. Thus, treatment with
the inhibitory compound even slightly decreased C. trachomatis-
dependent cytotoxicity (Fig. 4D and E). In sum, our compound
strongly reduces the formation of infectious C. trachomatis EBs at
a concentration that does not affect host cell viability.

1-O-Methyl-NBD-ceramide-C16 does not affect inclusion
formation. Our data suggest that 1-O-methyl-NBD-ceramide-
C16 interferes either with bacterial growth or with the formation of
infectious EBs. To differentiate between these two possibilities, we
analyzed the size and appearance of C. trachomatis inclusions in
untreated, control-treated, and 1-O-methyl-NBD-ceramide-C16-
treated HeLa cells by immunofluorescence microscopy (Fig. 5). At
24 h p.i. cells were fixed, stained for the bacterial antigens Hsp60
and IncA, and visualized with a laser scanning confocal micro-
scope. No significant differences in inclusion formation, appear-
ance, or size were detected after 1-O-methyl-NBD-ceramide-C16

treatment compared to controls at 24 h p.i. (Fig. 5), demonstrat-
ing that 1-O-methyl-NBD-ceramide-C16 does not affect inclusion
formation and suggesting that bacterial growth is not affected.

1-O-Methyl-NBD-ceramide-C16 is not taken up by C. tracho-
matis. To further understand the mode of action of the new
compound, we analyzed the cellular localization of NBD-cer-
amide-C16 and 1-O-methyl-NBD-ceramide-C16 in C. trachoma-
tis-infected and uninfected HeLa cells by live-cell microscopy. Af-
ter 60 min of incubation, NBD-ceramide-C16 was incorporated
into the bacteria inside the inclusion (Fig. 6). In contrast, the in-
hibitory compound 1-O-methyl-NBD-ceramide-C16 did not ac-
cumulate inside C. trachomatis inclusions but rather showed cy-
toplasmic fluorescence and a slight staining of the Golgi apparatus

(Fig. 6), demonstrating that only NBD-ceramide-C16 but not 1-O-
methyl-NBD-ceramide-C16 was incorporated into the bacteria.
This suggests that 1-O-methyl-NBD-ceramide-C16 operates out-
side the bacteria targeting either a host cell factor or a secreted
bacterial protein and may indicate that sphingolipid transport
across the inclusion membrane to the bacteria requires metabo-
lism.

DISCUSSION

We have established a fast and robust plaque assay for the identi-
fication of new anti-Chlamydia compounds based on a previously
published plaque assay to assess viral replication (28). Using this
liquid overlay medium (LOM)-based plaque assay, we found that
a single dose of 1-O-methyl-NBD-ceramide-C16 strongly reduces
the number of infectious EBs. In contrast to NBD-ceramide-C16,
1-O-methyl-NBD-ceramide-C16 did not accumulate in the bacte-
ria inside the inclusion, suggesting that this compound acts on
factors outside the bacteria.

Plaque formation assays are useful tools for the titration of
different microorganisms and allow the identification of new
antimicrobial substances, as they cover all stages of an infection
process by capturing multiple rounds of infections. For many mi-
croorganisms, a solid overlay medium is necessary to prevent
movement and spread of the organisms. For Chlamydia, plaque
assays have been developed that use an agarose-based overlay me-
dium (19, 20, 29). Although agarose concentrations had already
been reduced to 0.5%, keeping cells in a good state, even the fast-
growing strains C. trachomatis D and L2 needed 13 days to form
detectable plaques under these conditions (19). In contrast, the
established LOM plaque procedure reduces the required time for
detection of plaques from different Chlamydia spp., including the
slow-growing trachoma biovar C. trachomatis A, to less than 5

FIG 5 Inclusion formation is not affected by 1-O-methyl-NBD-ceramide-C16. Immunofluorescence images show bacterial Hsp60 and IncA in C. trachomatis L2
(Ctr L2; MOI, 2) infected and noninfected (NI) HeLa 229 cells upon treatment with ceramide compounds. At 8 h p.i., ceramide compounds were added at a
concentration of 4.65 �M (the IC50 of 1-O-methyl-NBD-ceramide-C16). Cells were fixed at 24 h p.i. and stained with antibodies against chlamydial Hsp60
(green) and IncA (red); DNA was stained with DAPI (blue). Scale bar, 20 �m. Images are representative of three independent experiments.
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days. Thus, the LOM plaque assay is nearly three times faster than
the standard Chlamydia plaque assay. Compared to titration of
infectious EBs by reinfection assays, the LOM plaque assay is less
labor-intensive and can easily be adapted to a 96-well-plate format
to screen for novel anti-Chlamydia compounds. Another advan-
tage of the established assay is the use of Chlamydia-specific anti-
bodies for detection of plaques. Immunodetection increases sen-
sitivity and specificity of the described assay compared to a
classical visualization of plaques by crystal violet staining. In ad-
dition, different Chlamydia species and the expression of different
proteins can be distinguished based on plaque morphology and by
using different protein-specific antibodies, respectively. Thus, the
LOM plaque assay can visualize differences between clonal vari-
ants and phase variations at the subcellular level, which will help to
further describe and understand Chlamydia diversity.

Chloramphenicol is often used in Chlamydia research to ana-
lyze the contribution of bacterial proteins to a specific process by
blocking chlamydial protein synthesis. It affects the growth of the
Chlamydia inclusion at concentrations higher than 0.4 �g/ml
(30). These observations are in good agreement with our LOM
plaque titration, which showed reduced plaque formation starting
at concentrations higher than 0.1 �g/ml (1.09 �M) chloramphen-
icol, demonstrating the reliability and usability of our assay to
identify anti-Chlamydia compounds.

The intricate interaction of Chlamydia with its host cell and its

dependency on scavenging host sphingolipids constitute a possi-
ble Achilles’ heel that can be exploited for the development of
novel anti-Chlamydia compounds. To test this hypothesis, we
treated C. trachomatis-infected HeLa cells with D609, a known
SMS inhibitor. D609 treatment dramatically reduced plaque for-
mation, confirming the importance of sphingomyelin for C. tra-
chomatis infection. D609 is a drug that targets cellular sphingo-
lipid synthases but, in addition, has pleiotropic effects on the host
cell, including Zn2� chelation, increased metabolic activity, and
decreased ROS formation (26). To limit these unwanted side ef-
fects, we hypothesized that a ceramide analogue that cannot be
converted to sphingomyelin would inhibit bacterial propagation
more efficiently and more specifically. Therefore, an analogue was
synthesized by methylation of the 1-hydroxy group. One dose of
1-O-methyl-NBD-ceramide-C16 (4.65 �M [3.13 �g/ml]) de-
creased the number of infectious EBs by more than one order of
magnitude without any obvious effects on cell viability, as mea-
sured by LDH release, rendering this compound a potential new
lead substance for the development of novel anti-Chlamydia
drugs. Interestingly, Toxoplasma gondii and Salmonella enterica
have also been shown to scavenge cellular sphingolipid pathways,
and orthologs of the human SMS have been identified in the ge-
nome of Plasmodium falciparum (31–33). It will be interesting to
analyze the inhibitory effect of 1-O-methyl-NBD-ceramide-C16

FIG 6 1-O-Methyl-NBD-ceramide-C16 is not translocated into the chlamydial inclusion. Fluorescence images show the localization of NBD-labeled ceramide
compounds in C. trachomatis L2 (Ctr L2; MOI, 2)-infected and noninfected (NI) HeLa 229 cells. At 24 h p.i., ceramide compounds were added at a concentration
of 25 �M. After incubation for 1 h at 35°C, DNA was stained with Hoechst 33342, and images were acquired using laser scanning confocal microscopy. Scale bar,
20 �m. Images are representative of three independent experiments.
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on these additional medically important, intracellular human
pathogens.

Although we currently do not understand how 1-O-methyl-
NBD-ceramide-C16 operates on C. trachomatis, it is likely that a
cellular protein, possibly CERT, is targeted by this compound.
This view is supported by the analysis of trafficking of fluores-
cently labeled ceramide compounds using live-cell microcopy.
Chlamydia spp. incorporate fluorescently labeled ceramides with
short fatty acid chains, as documented by different groups (13–15,
17). These derivatives are commonly used in cell biology to ana-
lyze sphingolipid trafficking; however, naturally occurring cer-
amides have longer acyl chains which give rise to differences in
their polarity and transport routes (27). We therefore used NBD-
ceramide-C16 to analyze the trafficking of a ceramide with a native
acyl chain length in C. trachomatis-infected HeLa cells and showed
that ceramides with natural fatty acids also accumulate inside the
bacteria within the inclusion. Surprisingly, 1-O-methyl-NBD-
ceramide-C16 was not transported to C. trachomatis but remained
in the cytoplasm of the infected host cell outside the inclusion.
This suggests that 1-O-methyl-NBD-ceramide-C16 binds to a pro-
tein with higher affinity than NBD-ceramide-C16. Alternatively,
transport of sphingomyelin across the inclusion membrane is ei-
ther dependent on the phosphocholine head group or directly
coupled to SM synthesis. The latter view is supported by the ob-
servations of Elwell et al. (17) showing that human SMS2 is re-
cruited to the C. muridarum inclusion membrane. Further studies
are on the way to understand the mode of action of 1-O-methyl-
NBD-ceramide-C16.

Beside its anti-chlamydial activity, 1-O-methyl-NBD-cer-
amide-C16 might become a useful tool to understand sphingolipid
metabolism and transport in infected cells. It is known that C6-
NBD ceramide, labeled within its fatty acid part, is almost exclu-
sively localized to the Golgi apparatus in uninfected cells (34).
Schwarzmann et al. showed that the same holds true for the 3-O-
methyl ether but not for the 1-O-methyl ether of C6-NBD-cer-
amide, which cannot be converted to sphingomyelin or glycosph-
ingolipids, suggesting that metabolism of ceramide is required for
Golgi staining (27). It is noteworthy that the 1-O-methyl ether of
ceramide not only differs from the previously reported compound
by fatty acid chain length but also is the NBD dye attached to the
sphingosine part of ceramide and not to the fatty acid part. How-
ever, the special feature of this novel ceramide derivative is that it
is not further converted to sphingomyelin or glycosphingolipids.
The observation that this compound does not accumulate inside
the inclusion suggests that only sphingomyelin is taken up by C.
trachomatis, confirming previously published biochemical data
for isolated EBs (35).

We have shown that our established LOM plaque assay is a
useful technique to rapidly and robustly analyze effects of differ-
ent compounds on Chlamydia propagation and have identified
1-O-methyl-NBD-ceramide-C16 as a novel anti-Chlamydia lead
compound that can be used to better understand sphingolipid
transport to and across the bacterial inclusion membrane.
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